ABSTRACT: A series of chemical-looping combustion (CLC) tests were conducted in a thermogravimetric analysis (TGA) reactor to investigate the potential of a Chinese sulfur-containing lean iron ore as the oxygen carrier. Two main products of solidfuel pyrolysis and gasification, namely, CH 4 and CO, were selected as the reducing gases. Consecutive reduction−oxidation cycles were first carried out in the TGA reactor to evaluate the cyclic stability and agglomeration tendency of the oxygen carrier. The effects of the temperature, fuel gas concentration, and reaction gas composition on the reduction reaction were further investigated. Increasing the reaction temperature or fuel gas concentration enhanced the reduction rate and reaction degree of the oxygen carrier. Meanwhile, CO showed much higher reduction reactivity than CH 4 . A comparison of the rate index of the iron ore used with those of high-grade minerals indicated that the iron ore had adequate reactivity for its application in solid-fuel CLC technology. The side reaction of carbon deposition was also discussed. Finally, the shrinking-core model with chemical reaction control was adopted to determine the chemical kinetics.
INTRODUCTION
Owing to its inherent feature of separating CO 2 without extra energy loss during the combustion process, chemical-looping combustion (CLC) has been regarded as a promising novel combustion technology for CO 2 capture.
1,2 At present, there is an increasing interest for solid-fuel CLC because of the lower price and more abundant reserves of solid fuels (e.g., coal and biomass) compared with gaseous fuels. 3−7 One of the promising configurations of solid-fuel CLC is to introduce solid fuels into the fuel reactor directly so that gasification of the solid fuel and subsequent reduction of the oxygen carrier (OC) are integrated in the fuel reactor. 8−13 The selection of an appropriate OC plays an important role in the successful operation of a CLC system. Previous studies have mainly focused on the synthetic (man-made) OCs with some metal oxides (e.g., CuO, NiO, CoO, Fe 2 O 3 , or Mn 3 O 4 ) as the primary active components. 14−18 These OCs are usually supported on different inert materials such as Al 2 O 3 , SiO 2 , TiO 2 , and ZrO 2 to enhance their reactivity. 19 Most of the synthetic OCs perform well with favorable reactivity, high mechanical strength, and low tendency for agglomeration in CLC systems with gaseous fuels. Meanwhile, these synthetic OCs also exhibit a wide range of oxygen-transport capacities varying with the content of inert materials in the OCs (e.g., 0.02 for Cu10Al-I 16 due to the inclusion of 90 wt % Al 2 O 3 compared to 0.2 for pure CuO). 14−19 So far, several research teams have successfully demonstrated the feasibility of synthetic OCs in different gas-fuel CLC pilot-scale reactors. 20−23 OC loss is an important factor that needs to be considered when selecting OCs for CLC systems, and, in fact, it can determine the viability of an OC for a specific CLC system. In a gas-fuel CLC system, the loss of an OC mainly comes from attrition during the fluidization and circulation processes. 20−23 However, in a solid-fuel CLC system, the regular drain of fuel ash from the system to avoid its accumulation will inevitably result in an extra loss of OC particles. 24 Moreover, deactivation of the OC may also happen because of the presence of organic sulfur in solid fuels. 11−13 Therefore, compared with gas-fuel CLC technology, solid-fuel CLC technology will face a more serious issue in much larger mass loss of the OC. For future large-scale solid-fuel CLC applications, the cost of the OC may become the decisive factor in the selection of the OC considering the huge quantity of OC needed and the large amount of OC loss during operation. In this context, some lowcost iron-based natural minerals (e.g., ilmenite, hematite, and iron ore) have been attracting more and more attention for their applications in solid-fuel CLC technology. Leion et al. 5 found that the ilmenite supplied by Titania A/S (Norway) showed high reactivity with solid fuels in a fluidized-bed reactor. Berguerand and Lyngfelt 4,25−27 investigated the performance of ilmenite in a 10 kW th CLC combustor with different fuels, temperatures, and particle circulations. They concluded that ilmenite should be a suitable OC material for the solid-fuel CLC system. Monazam et al. 28 performed thermogravimetric analysis (TGA) of the reduction behavior of hematite with one of the main gases from coal gasification (i.e., CO) under conditions of different concentrations and temperatures. Xiao et al. 7 investigated the reaction performance of Companhia Vale Do Rio Doce iron ore (from Brazil) under pressurized conditions in a laboratory fixed-bed reactor. They found that the pressure played a positive role in increasing the CO 2 concentration and promoting OC conversion. They also built a pilot-scale pressurized solid-fuel CLC unit and conducted continuous tests using Mining Area C iron ore (from Australia) as the OC, which proved the feasibility of coalfueled pressurized CLC with iron ore as the OC. 29 The results of the previous investigations have indicated that iron-based natural minerals are promising OCs for future largescale solid-fuel CLC applications. However, it should be noted that most of these natural iron-based OCs are high-grade ironbased minerals with high iron contents. In many places around the world, especially in China, there is much more abundant storage of lean iron ores than of high-grade iron minerals. The lean iron ores have more advantage in price, but as the name implies, they contain lower iron and more impurities such as inerts and sulfur, which may make them unsuitable as OCs or make the CLC reactions much more complex when they are used as OCs. Hence, there is a need to carry out feasibility studies of CLC using lean iron ores as the OCs.
In this work, a Chinese lean iron ore with low iron content but high CaSO 4 content was selected as the OC. The main aim of this study is to investigate the CLC performance of this iron ore with two main gases from the pyrolysis and gasification of solid fuels (i.e., CH 4 and CO). Consecutive reduction− oxidation cycles were first performed in a TGA reactor to evaluate the cyclic stability and agglomeration tendency of the OC. The effects of the reaction temperature, fuel gas concentration, and fuel gas composition on the reduction reaction were further thoroughly investigated. Then the reactivity of the lean iron ore was evaluated by comparing its rate index with those of the high-grade hematite and ilmenite. The side reaction of carbon deposition was also discussed. Finally, a comprehensive kinetics model was developed to determine the kinetics of the reduction reaction for the investigated iron ore OC.
EXPERIMENTAL SECTION
2.1. Materials. The OC selected is a natural iron ore from Harbin, Heilongjiang Province, China. Prior to the experiments, the iron ore was crushed and sieved to a broad size range of 0.25−0.65 mm and then calcined at 970°C for 2 h under an oxidizing atmosphere. The calcination treatment can help to improve the properties and reactivity of the OC and avoid defluidization problems. 4, 24, 30, 31 According to the X-ray fluorescence (XRF) spectrometry characterization ( Figure 1 , the experiments were carried out in a thermogravimetric analyzer (SDT Q600). CH 4 and CO diluted in nitrogen (N 2 ) to different concentrations were used as the gaseous fuels (i.e., 20% CH 4 , 50% CH 4 , 100% CH 4 , 10% CO, and 20% CO). Air and high-purity N 2 (99.99%) were used as the oxidizing and purge gases, respectively. Table S2 details the gases used in the experiments.
Prior to each test, the OC sample (about 60 mg) was placed on a quartz pan centered in the gas inlet and exit ports of the reaction tube. At the beginning of the test, the sample was heated at a heating rate of 20°C/min to the desired reaction temperature and held for 20 min under the N 2 environment. Then the fuel gas and air were alternately introduced into the reaction tube with the high-purity N 2 as the purge gas in between to prevent the reducing gas (CH 4 or CO) and the oxidizing agent (air) from mixing. During the whole testing process, the weight variation of the samples and the reaction temperature were measured and recorded in real time with the TGA reactor system.
2.3. Data Evaluation. 2.3.1. Conversion of the OC and Oxygen-Transport Capacity. Conversion of the OC for the reduction reaction (X) is the ratio of the actual mass loss to the usable oxygen mass in the OC:
where m is the instantaneous mass of the OC, m ox is the mass of OC in the completely oxidized state, and m red is the mass of OC in the completely reduced state. R O is the oxygen-transport capacity, representing the mass fraction of usable oxygen in the OC during the oxygen-transfer process.
where R The applicable conversion of the OC for the reduction reaction (X ap ) refers to the ratio of the mass loss of the OC to a part of the specific oxygen mass in the OC that is applicable for the industrial CLC applications:
2.3.3. Rate Index. The rate index ϕ is usually adopted to evaluate the reactivity of the OC.
3. RESULTS AND DISCUSSION 3.1. Reactivity of the OC. 3.1.1. Cyclic Stability. The cyclic stability of an OC refers to its lasting reaction performance throughout continuous redox cycles. Hence, it is an important consideration for selection of the OCs in CLC systems. The cyclic stability of the lean iron ore has been evaluated by successive cycles of reduction and oxidation in the TGA reactor. Figure 2 gives an example of the successive redox cycles of the lean iron ore under a specific set of conditions, with the reduction reaction performed at 950°C in 10% CO and the oxidation reaction at 950°C in air. It can be observed that the rate of the oxidation reaction is obviously higher than that of the reduction reaction. At the same time, the reduction and reoxidation curves in the successive cycles are repeatable with very similar oxygen-transport capacities. Such consistency indicates the stable performance of the iron ore throughout the continuous redox cycles. A similar cyclic stability of the investigated iron ore has also been observed under other conditions with different reaction gas compositions, concentrations, and temperatures. Moreover, no obvious weight loss of OC was detected through the successive redox cycles, indicating that the release of SO 2 should be restrained and, hence, the oxygen-transport capacity of the OC was maintained. This is probably attributed to the high contents of Fe 2 O 3 32 and inert supports (e.g., SiO 2 ) 33 in the OC as well as the suitable reaction temperatures (i.e., ≤950°C), 32−34 which can effectively decrease the risk of sulfur release. Similar findings have also been reported in the previous literature. 33, 34 On the other hand, we can further observe small increases in the reaction degree as the number of cycles increases. The reactivity increase of the OC with consecutives redox cycles can be explained through the change of the crystal structure of the OC. Figure 3 shows scanning electron microscopy (SEM) photographs of the calcined iron ore samples before and after redox cycles. It can be found that granulation is enhanced after consecutives cycles, which leads to a higher surface area for the reaction and, hence, an increase in the reactivity of the OC. In addition, there is an increase in the porosity of the OC through the appearance of macropores or cracks with the redox cycles, which is also important for the reactivity increase. The above observations are in agreement with the previous investigations. 24, 35, 36 Finally, the calcined iron ore samples did not show any agglomeration during the continuous reduction/oxidation cycles.
3.1.2. Effect of the Temperature. The temperature is the most important operating parameter in the reactions of CLC. Hence, the effect of the temperature on the reduction reaction of the OC was carried out under different reaction temperatures of 800, 850, 900, and 950°C. In this section, 50% CH 4 was selected as a representative of fuel gases for analysis. Figure 4 shows conversion of the iron ore used during the reduction process as a function of time under different temperatures. It can be observed that conversion of the OC at 60 min is only 25.08% at 800°C. However, when the temperature increases to 950°C, conversion can reach 94.44%, indicating that reduction of the OC is close to the completely reduced status. Clearly, the reaction temperature has a strong effect on the reduction reaction. The increase in the temperature enhances the reaction rate and promotes the degree of reduction. Moreover, the effect becomes more significant at higher temperatures. The variations of the OC conversion under different temperatures are in agreement with those of other investigations. 28 According to the above observations, the suitable temperature for higher reduction reactivity in the fuel reactor seems to be around 950°C. However, it should be noted that, for the cases of 50% CH 4 and 100% CH 4 , carbon deposition was observed at the end of the reduction reaction when the operating temperature was at 950°C. For future solid-fuel CLC systems, only the transformation from Fe 2 O 3 to Fe 3 O 4 is desirable in order to get full fuel gas conversion and the concentration of CH 4 is unlikely to exceed 20%; therefore, the Figure 2 . TGA of the calcined iron ore in successive redox cycles.
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Article appearance of carbon deposition becomes almost impossible in practice. 16,19,37−39 This point will be addressed in more detail later in section 3.2.
3.1.3. Effect of the Reaction Gas Concentration. In this section, three cases (20%, 50%, and 100% CH 4 under 850°C) were selected as representatives to investigate the effect of the reaction gas concentration on the reduction reaction. Figure 5 exhibits the variations of the OC conversion with time under different CH 4 concentrations. First, increasing the concentration of CH 4 leads to an increase in the reduction reaction rate and an increase in the reaction degree of the iron ore. The OC conversion is 38.87% for 20% CH 4 and increases to 54.38% for 100% CH 4 at the quasi-equilibrium time of 110 min. Similar effects of fuel gas concentrations on the reaction rates and OC conversions have been observed for other reaction temperatures, although the reaction temperature can have greater impacts on the reaction rates and OC conversions, as was already shown in Figure 4 .
3.1.4. Effect of the Reaction Gas Composition. In order to investigate the effect of the reaction gas composition on the reduction reaction, two cases with different fuel gas compositions (CH 4 and CO) were carried out for comparison, while the reaction temperature and fuel gas concentration were kept consistent at 850°C and 20%, respectively. Figure 6 presents conversions of the OC during the reduction process as a function of time under different fuel gas compositions. At the quasi-equilibrium time of 110 min, the OC conversion is only 42.32% for CH 4 , while for CO, it is 94.63%, indicating that the reduction reactivity of the iron ore on CO is much higher than that on CH 4 .
Nowadays, the adaptation of CLC on solid fuels such as coal and biomass is becoming more and more attractive because of the much more abundant supply of solid fuels than of gaseous 
Article fuels. However, because the slow reaction of char gasification is the rate-controlling step in solid-fuel CLC, the global reaction rate and, hence, the system thermal power will be greatly limited. 7, 24 In this respect, considering that CO is the major gaseous product of char gasification, the high reactivity of the tested iron ore on CO can increase the consumption rate of CO generated from char gasification and, hence, promote the gasification rate of char and the system efficiency. Therefore, the iron ore adopted in this study can be regarded as a potential OC candidate that is more appropriate for solid-fuel CLC applications.
3.1.5. Reactivity Comparison with High-Grade Hematite and Ilmenite. In order to better evaluate the potential of the selected OC, we compared the reaction rate (expressed by the rate index ϕ) of the lean iron ore adopted in this study with those of two high-grade iron minerals used in previous TGA experiments, i.e., a hematite by Monazam et al. 28 and an ilmenite by Adańez et al. 24 The main operating conditions adopted in this study for comparison (i.e., 20% CO for the fuel gas concentration and 900°C for the reaction temperature) were consistent with those of Monazam et al. 28 Hwever, in the experiment by Adańez et al., 24 a little lower fuel gas concentration (15% CO) was adopted. Table 1 illustrates a comparison of the rate index among different OCs. It can be found that the rate index of the lean iron ore reaches about half that of ilmenite and is in close proximity to that of hematite. The relatively high reaction rate of the lean iron ore is mainly attributed to the rich contents of inert materials (e.g., SiO 2 and Al 2 O 3 ), which play the role of porous supports and provide a large surface area for the gas− solid contact and reactions. 19 In addition, the reduction of CaSO 4 also promotes the global reaction rate of the lean iron ore. Therefore, compared with the high-grade iron minerals, the lean iron ore used in this study shows good competitiveness on the reactivity in addition to the advantage of low cost for future applications of large-scale solid-fuel CLC power plants.
3.2. Carbon Deposition. Carbon deposition was observed at the end of the reduction period for the cases of 50% CH 4 and 100% CH 4 at a temperature of 950°C. The main reactions for carbon formation are shown as follows:
However, no carbon deposition was observed when the temperature was lower than 950°C, when the concentration of CH 4 was lower than 50%, or when the fuel gas used was CO. Moreover, for the cases of 50% CH 4 and 100% CH 4 under a temperature of 950°C, carbon deposition was observed only at the end of the reduction reaction process. This indicates that carbon deposition can be restrained by using lower temperature and CH 4 concentration, shorter reduction time, and excess OC. These findings are in agreement with the previous literature. 42 For future solid-fuel CLC systems, only the transformation from Fe 2 O 3 to Fe 3 O 4 is desirable in order to get full fuel gas conversion and the concentration of CH 4 is unlikely to exceed 20%; therefore, the appearance of carbon deposition becomes almost impossible in practice.
3.3. Chemical Kinetics. According to the XRF characterization (see Table S1 ), the calcined lean iron ore contains two reactive compositions: Fe 2 O 3 and CaSO 4 . In order to achieve complete conversion of fuel gas to CO 2 In order to determine the reaction kinetics parameters of the OC on CH 4 and CO, the shrinking-core model (SCM) for the spherical grain geometry of a reacting particle was adopted. The equations of the SCM under chemical reaction control in the grain are shown as follows: 16, 19, 45 
where b, C, n, ρ m , and r g represent the stoichiometric coefficient, reacting gas concentration, reaction order, molar density, and grain radius, respectively. The reaction rate constant k follows Arrhenius law:
where k 0 is the preexponential factor of the rate constant, E is the activation energy, and R is the constant of the ideal gases, where R = 8.314 J/mol·k.
The reaction rates of reaction R4 (or reaction R5) can be expressed as follows: 
Article where r is the reaction rate, α s is the volume fraction of the solid phase, and x rea is the mass fraction of the solid reactants in the OC. Because the value of R O,ap has been determined, the applicable conversion of OC X ap under every experimental condition can be calculated by eq 5. Then the average value of kC n can be calculated by eq 7. Thus, as shown in Figure 7a , the fitting lines of ln(kC n ) − ln(C) can be further obtained by taking the logarithm of kC n , while ln(C) can be easily calculated under each fixed temperature. In these fitting lines, the intercept represents ln(k), and the slope refers to the reaction order n. The mean reaction order for CH 4 within the range of the investigated temperatures is 0.5. Then, as shown in Figure  7b , the fitting lines of ln(k) − 1/T can be obtained by taking the logarithm of the Arrhenius equation (i.e., eq 8), from which the apparent activation energy E and the preexponential factor k 0 can be further acquired. Eventually, the values of the apparent activation energy E and the preexponential factor k 0 for CH 4 Table S3 details the kinetics parameters of the calcined lean iron ore with CH 4 and CO. It can be seen that the activation energy for CO is lower than that for CH 4 , indicating CO as the reducing agent is more favorable for reduction of the investigated lean iron ore. 28 This conclusion is consistent with the experimental observation shown above (see section 3.1.4).
CONCLUSIONS
The CLC with a Chinese sulfur-containing lean iron ore as the OC was conducted in a TGA reactor using two main products of solid-fuel pyrolysis and gasification (i.e., CH 4 and CO) as the reducing gases. Long-time reduction/oxidation cycles were carried out to evaluate the cyclic stability and agglomeration tendency of the OC. The effects of the reaction temperature, fuel gas concentration, and fuel gas composition on the reduction reaction were also experimentally investigated. The side reaction of carbon deposition was also discussed. Finally, the SCM with chemical reaction control was adopted to determine the kinetics of the reduction reaction using the experimental data. The following conclusions can be drawn from the present study:
(1) The lean iron ore investigated exhibits good cyclic stability and low tendency for agglomeration in the repeated redox cycles. Moreover, the high contents of Fe 2 O 3 and inert supports in the lean iron ore as well as the suitable reaction temperatures (≤950°C) can restrain the release of SO 2 in order to maintain the OC's oxygen-transport capacity.
(2) The reduction rate and reaction degree of the OC can be promoted by increasing the reactor temperature or fuel gas concentration, although the temperature plays a more important role. CO shows much higher reduction reactivity than CH 4 , which indicates that the iron ore used in this study should be more appropriate for solid-fuel CLC applications.
(3) Carbon deposition was observed for the cases of 50% CH 4 and 100% CH 4 at the end of the reduction stage when the OC was nearly completely reduced. However, for future solidfuel CLC systems, only the transformation from Fe 2 O 3 to Fe 3 O 4 is desirable in order to get full fuel gas conversion and the concentration of CH 4 is very unlikely to reach anywhere near 20%; therefore, the appearance of carbon deposition becomes almost impossible in practice.
(4) The use of the IRoR method enables analysis on the reduction rate to focus on the global reduction rate of the solid reactants in an OC particle instead of the complex local reduction rates from Fe 2 O 3 to Fe 3 O 4 and from CaSO 4 to CaS. The SCM with chemical reaction control has been adopted to determine the reaction kinetics of OC and acquire relevant kinetics parameters.
Overall, considering the cyclic stability, reactivity, tendency for agglomeration, and cost of the material, the Chinese sulfurcontaining lean iron ore investigated in this study can be considered to have a competitive performance against highgrade iron minerals for its use in solid-fuel CLC systems.
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